Abstract. Leaves of 10 plant species, 7 with photorespiration (spinach, sunflower, tobacco, pea, wheat, bean, and Swiss chard) and 3 without photorespiration (corn, sugarcane, and pigweed), were surveyed for peroxisomes. The distribution pattern for glycolate oxidase, glyoxylate reductase, catalase, and part of the malate dehydrogenase indicated that these enzymes exist together in this organelle. The peroxisomes were isolated at the interface between layers of 1.8 to 2.3 M sucrose by isopycnic nonlinear sucrose density gradient centrifugation or in 1.95 M sucrose on a linear gradient. Chloroplasts, located by chlorophyll, and mitochondria by cytochrome c oxidase, were in 1.3 to 1.8 M sucrose.
8000 tmoles X min-' X mg-1 protein,and for malate dehydrogenase, 40 ,mol.es X min-' X mg-' protein. Only small to trace amounts of marker enzymes for leaf peroxisomes were recovered on the sucrose gradients from the last 5 species of plants. Bean leaves, with photorespiration, had large amounts of these enzymes (0.57 umole of glycolate oxidase X min-' X g-1 tissue) in the soluble fraction, but only traces of activity in the peroxisomal fraction. Low peroxisome recovery from certain plants was attributed to particle fragility or loss of protein as well as to small numbers of particles in such plants as corn and sugarcane.
Homogenates of pigweed leaves (no photorespiration) contained from one-third to one-half the activity of the glycolate pathway enzymes as found in comparable preparations from spinach leaves which exhibit photorespiration. However, only traces of peroxisomal enzymes were separated by sucrose gradient centrifugation of particles from pigweed. Data from pigweed on the absence of photorespiration yet abundance of enzymes associated with glycolate metabolism is inconsistent with current hypotheses about the mechanism of photorespiration.
Most of the catalase and part of the malate dehydrogenase activity was located in the peroxisomes. Contrary to previous reports, the chloroplast fractions from plants with photo.
respiration did not oontain a concentration of these 2 enzymes, after removal of peroxisomes by isopycnic sucrose gradient centrifugation.
Many plants exhibit photorespiration, which is attributed to the oxidation of glycolate as it is formed rapidly during photosynthesis (6, 13, 26) . Such plants apparently produce glycolate from sugar phosphates of reductive photosynthetic CO., fixation and metabolize it by the glvcolate pathway (15, 18) . A high CO2 compensation point in these plants reflects Consequently , it might be predicted that such plants would contain little or no glycolate oxidase. Although investigation failed to observe significant glycolate oxidase activity in corn (22) , the enzyme has been reported in this plant by other workers (10, 19, 20) . The metabolism of added glycolate-14C by corn leaves to glycine and serine also suggests the existence of an active glycolate pathway in this species (15, 27) . Further evidence that glycolate metabolism occurs in corn leaves is the accumulation of glvcolate after the application of a specific glvcolate oxidase inhibitor to the tissue (26) and the stimulation of respiration bv addition of glycolate to the leaves i(2).
The discovery in spinach leaves of the microbodies, peroxisomes, which contain the enzymes of the glycolate pathway and catalase (21) suggested there should be a correlation between the presence of peroxisomes in leaves and the phenomenon of photorespiration. We Sucrose Denisity Gradienit Centrifugation. A known volume (2.0-2.5 ml) of the peroxisomal and broken chloroplast fraction (6000g pellet) was layered on a non-continuous sucrose gradient in glycylglycine buffer, pH 7.5. This fraction was selected because previous work (21) had shown that it con- (25) . Additions were made to a 1-ml Beckman cuvette (d = 10 mm) in the following order; 0.4 ml of 0.02 MN glycylglycine buffer, pH 7.5; 0.05 ml NADH containing 0.2 mmole; Triton X-100 (final 0.01 %) ; enzyme, water, and substrate to make a final volume of 1.0 ml. After determining the endogenous rate for 1 to 3 min, 0.04 ml 0.125 M sodium glyoxylate (final concentration, 5 X 10-3 M) was added. A unit of activity was expressed as 1 OD change per min, which was equivalent to 161 nmoles of NTADH oxidized per min.
After completing this survey, it was found that glyoxvlate reductase, as obtained from the peroxisome fraction of spinach leaves by Triton X-100 treatment, was not assayed at optimal conditions. The pH optimum was found to be 5.8 as compared to 7.5 with the soluble enzvme or 6. .5
-2 e. crystalline enzyme (25 Figure 2 shows the distribution of the various enzymes among the 9 fractions obtained from the isopycnic non-linear sucrose density gradient separation of tlle 600Og or broken chloroplast fraction. The whole chloroplast and mitochondria fractions from the differential centrifugation were not subjected to the sucrose gradient separation, because they contained less of the enzvmes associated with peroxisomes. However, from a previous investigation (21) , the small amount of glycolate oxidase or peroxisomal activity in the whole chloroplasts and mitochondrial fractions had balnded sinlilarly on sucrose gradients to that in the broken chloroplast fraction.
As indicated by the chloropllyll and protein analysis (fig 2) , most of the chloroplasts on the sucrose gradient were found in fractions 7 (fig 2) . When particles in fraction 3 from spinach leaves were examined by electron microscopy, they appeared spheroid, 0.5 to 1.0 p, in diameter, and contained a dense granular matrix or stroma surrounded by a single membrane which was ruptured in most cases (21) . In this survey, the peroxisonmes are characterized by their location on the sucrose gradient and by their enzymic content of glycolate oxidase, glyoxylate reductase, catalase, and part of the malate dehydrogenase activity. The presence of some of each of these enzymes at the top of the gradient in fraction 9, which corresponds to the soluble, nonparticulate region of the gradient, may be indicative of the fragility of these particles. Since the particles were not washed, some activity from supernatant enzymes of the original homogenate would also appear in fraction 9 of the gradient.
To estimate the relative distribution of each enzvme between the peroxisomes and the cytoplasm, the sum of the particulate activities obtained bv differential centrifugation can be compared to the activity in the supernate (fig 1) . This estimation does not account for breakage of the particles during grinding which is undoubtedly severe. A maximum of about 50 % of the glycolate oxidase in homogenate of spinach and sunflower leaves was found in the combined particulate fractions, whole chloroplasts. peroxisomes plus broken chloroplasts, and mitochondria. Examination of these 3 fractions indicated that the same particle, peroxisomes, moving to the same place on the sucrose gradient, contained this glvcolate oxidase activity. In subsequent handling of the particles during gradient development, more of the enzymatic activity was solubilized and appeared in the soluble fraction, No. 9, of the sucrose gradient. Movement across boundaries of different sucrose molarities has a shearing effect upon particles. How much of the activitv in the top soluble fraction 9 of the sucrose gradient is from disruption of the particles or from removal of supernatant enzymes occluded with the particle cannot be resolved. This degree of apparent breakage varied between 20 to 30 % for sunflower and spinach and 70 to 90 % for pigweed, corn, and sugarcane. Examination of the spinach peroxisomes by electron microscopy showed that nearly all of them had a broken membrane or were more severely ruptured (21) .
The small amount of peroxisomal activity which was found in fraction 2 of 2.3 M sucrose is an artifact of the procedure. Removal of the fractions from the gradient was based upon visual observations. An attempt was made to stop the collection of fraction 2, after this very light green solution had drained from the delivery tubing. This slight color seemed to be due to traces of chlorophyll-containing material. Under the best of conditions, fraction 3 was faintly yellow in color. It was never possible to completely separate fractions 2 and 3 after 1 gradient run which started with a concentrated mixture of particles. Some contamination of fraction 3 into fraction 2 resulted in enzyme activity in fraction 2 of lower specific activity, probably due to the green material seen in it. Contamination of fraction 3 also occurred, and the enzymatic specific activities reported for it are not maximum. chambers. It was hoped that pigweed leaves, without photorespiration, would be easy mnterial from which to *extract enzvmes. Howvever, the leaf homogenate from greenhouse leaves was so gelatinous that only part of it could be squeezed through cheesecloth, and from plants in the growth chamber, the homogenates were rich witlh saponifiers and extremely foamv. The total amoount of enzynme activitv oIn a leaf weight basis is thus minimal alnd true values are probably similar to those from sp)inach leaves.
From the pigweed broken chloroplast fraction, only traces of peroxisome activity were observed, and of this small amount, miost of it was fouilid in the soluble protein fraction of the sucroce gradient.
Tn this respect, the pigweed preparatiolns gave gradieiut distribution patterns similar to that frolm cor111 and sugarcane and differed from those obtained w\ith spinach and sunflower preparations.
Tobacco, pea, and wheat leaves, plants with pihotorespiration, contained relatively high levels of glycolate oxidase, glyoxvlate reductase, catalase, and malate dehydrogenase activity. However, from these species, more of the enzyme activitv was found in the supernate (65-80 %') rather than in the particuilate fractions of the original extracts. Thus. either there were fewer peroxisomes in these leaves or else the vield of peroxisomes by the isolatioln procedure employed was poor. The activity in the broken chloroplasts was located on the sucrose density gradient in 2 bands, 1 in fractionl 3 as for spinachi and sunlflower peroxisomes and(i I in fraction .5 at the interface of the 1.5 to 1.8 Ni sucrose layer.
Peroxisomes in fractionl 5 could be accoun,ted for b)v more broken particles, by less dense whole particles. or by 2 species of peroxisomes. Further studv is needed to delineate between these possibilities or other explanations of the results. Currently, it is assumed that fraction ; contained broken peroxisomes to account for its glvcolate oxidase activitv.
Homogenates of bean leaves, a plant which has photorespiration, and Swiss chard leaves contained high levels of glvcolate oxidase and glyoxvlate reductase. However, 80 % or more of these activities were found in the supernate after differential centrifugation. Of the amount of activity in the broken chloroplast fraction, only traces were found in the peroxisome fraction 3 as well as in fraction 5 after sucrose gradient centrifugation, and most of the activity was recovered in the top layer which is assumed to be soluble protein. Note that the specific activity scale for these for the plots in figure 2 were magnified 25-fold. Again, these low yields of peroxisomes could be due to rupture of the particles during grinding. These results seem to be inconsistent with the concept that peroxisomes are characteristic of plants with photorespiration. In fact, bean leaves are particularly active for glycine synthesis. In previous studies, the leaves of the same 'bean variety incorporated 50 % of the total 14CO2 fixed in the first 10 to 30 sec of photosynthesis into glycine by the glycolate pathwav (unpublished). Thus 
